INTRODUCTION
The thickness of the elastic lithosphere on a planet is essentially a measure of the reciprocal of the vertical thermal gradient in the lithosphere, i.e., the depth to a temperature at which ductile behavior replaces brittle behavior at typical geological strain rates. Under flexure there is an elastic "core" of the lithosphere occupying the depth interval over which the bending stress is less than an envelope of "strength" versus depth defined by a frictional failure curve at shallow depths and a ductile flow law at greater depth Brace and Kohlstedt, 1980] . At the shallowest depths, lithospheric bending leads to faulting to a depth that is dependent on the load, the flexural rigidity, and the failure law. The depth of the lower limit to "elastic" behavior is governed primarily by temperature and also by strain rate, composition, and load magnitude. Estimates of elastic lithosphere thickness derived from simple models of flexure have been quantitatively related to the vertically averaged thermal gradient of the lithosphere on the Earth [e.g., Caldwell and Turcotte, 1979; McNutt, 1984; McAdoo et al., 1985; Willett et al., 1985; Kusznir and Karner, 1985] and Moon [Solomon, 1985] , and similar concepts have been used to constrain the thickness of the elastic lithosphere on Venus [e.g., Solomon and Head, 1984] . In this paper we apply these concepts to Mars. [1985] , and Janle and Jannsen [1986] ; ages are stratigraphic positions from Tanaka et al. [1988] , defined as follows: N, Neachian; H, Hesperian; A, Amazonian; L, lower; M, middle; and U, upper. Parentheses denote bounds on parameter values. Thermal gradients dT/dz are derived under the assumption that strength at the base of the mechanical lithosphere is limited by the creep strength of diabase [Caristan, 1982] for Te -< 50 km and by that of elivine [Goetze, 1978] for Te > 50 km; for Elysium Mens the ranges in dT/dz reflect the possibility that either flow law may limit the strength at the base of the mechanical lithosphere for the best fitting and lower bound values of Te.
well as consideration of such important time-dependent effects as volcano growth during the formation interval of preserved graben (Table 1) sphere thickness exceeds the crustal thickness, the ductile strength is taken to be limited by the creep strength of olivine [Goetze, 1978; Evans and Goetze, 1979] , with the linear slope of the strength envelope taken from the high-stress (Peierls) form of the flow law. If the mechanical lithosphere thickness is comparable to or less than the crustal thickness, then the ductile strength is taken to be that of diabase [Caristan, 1982] effective Young's modulus is not well known for Mars, to first order the resulting relative uncertainty in T e is only one third that in E. In general, of course, curvature is not a constant but varies along a flexural profile; it may be argued [McNutt, 1984] , however, that the estimates of D and T e in Table 1 The assumption of a linear thermal gradient can also be questioned. In effect, for a given strain rate and flow law the quantity T m essentially gives the depth to a particular temperature, and any temperature distribution that passes through that temperature-depth point and the surface temperature T s (and that does not exceed the limiting temperature at depths less than T m) should be regarded as possible. Effects such as upward concentration of crustal heatproducing elements and a thermal conductivity that increases with depth will tend to give a temperature distribution that is concave downward, so that near-surface gradients will be higher than those indicated in suggested that the activation energy for creep in the mantle may be slightly less than that obtained from laboratory measurements on dry olivine. For Mars we note that significant water in the mantle and an activation energy less than that assumed here [Goetze, 1978] would both result in lower estimates of thermal gradient than shown in Figure 5 ; we comment on this point further below.
The flow law for crustal material is probably less well constrained in general than that for the mantle. To explore at least partially the effect of this uncertainty, we also consid- (Table 1) The timing of ridge formation on Mars provides a constraint on these two scenarios for the evolution of Tharsis.
From a global analysis of the distribution of wrinkle ridges on Mars, Chicarro et al. [1985] find that ridges occur commonly throughout ancient terrain. In the volcanic plains, however, the distribution is highly uneven, with ridges strongly concentrated in the ridged plains units and in spotty occurrences in other regions. The lower Hesperian age (approximately 3-3.5 b.y. ago) for most major ridged plains units [Tanaka, 1986] and the contrast in ridge density between cratered uplands and young volcanic plains [Chicarro et al., 1985] suggest that ridge formation may have been concentrated in a comparatively early stage in Martian evolution [Watters and Maxwell, 1986] . Examination of crosscutting relations between ridges and graben in the Tharsis province also supports the view that most ridge formation in that region was restricted to an early time period [Watters and Maxwell, 1983] . Given that the distribution and orientation of the ridges surrounding Tharsis are best explained by the isostatic model for support of topography, then any earlier episode of support by lithospheric strength [Sleep and Phillips, 1985] As noted above, a substantial water content in the Martian mantle would be expected to lower the creep resistance over that represented by the flow law of Goetze [1978] and Evans and Goetze [1979] . As a result, the thermal gradient implied by a given value of T e would be even lower than that indicated here, strengthening these arguments further.
The average [Chen and Wasserburg, 1986] or the hot initial state implied by current models for planetesimal accretion [Wetherill, 1985] .
These considerations suggest that the most likely evolutionary scenario for Tharsis was an early state of nearly isostatic equilibrium followed by additional loading of the lithosphere by extensive volcanic and igneous intrusive material and long-term support of a significant fraction of this load by the finite strength of the elastic lithosphere [Solomon and Head, 1982; Banerdt et al., 1982] . Thermal gradient considerations support the view that the global elastic lithosphere presently supporting the Tharsis rise is no greater than 100-200 km in thickness.
Nature of Lateral Heterogeneity in Thermal Structure
As noted above, the differences in lithospheric thermal gradients implied by the different values of Te (Table 1) [Crisp, 1984] . The combined volumes of volcanic and intrusive material on Mars, for this ratio, would have delivered heat at an average rate of 3-6% of the total global heat loss. Note that the intrusive component of igneous activity may find expression in the inferred conductive gradient, depending on the depth of intrusion, but the volcanic component of activity will not.
The volcanic flux has decreased sharply with time over Martian history [Greeley, 1987; Tanaka et al., 1988] , so it is worth making a similar calculation both for the periods of high volcanic output as well as for the Amazonian epoch corresponding to most of the estimates of lithosphere thickness and thermal gradient given in Table 1 
